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ABSTRACT  

Although high-fructose corn syrup (HFCS-55) is the major sweetener in foods and soft-drinks, its 

potential role in the pathophysiology of diabetes and obesity (“diabesity”) remains unclear. 

Peroxisome-proliferator activated receptor (PPAR)-δ agonists have never been tested in models of 

sugar-induced metabolic abnormalities. This study was designed to evaluate (i) the metabolic and 

renal consequences of HFCS-55 administration (15% wt/vol in drinking water) for 30 weeks on 

male C57Bl6/J mice and (ii) the effects of the selective PPAR-δ agonist GW0742 (1 mg/kg/day for 

16 weeks) in this condition. HFCS-55 caused (i) hyperlipidemia, (ii) insulin resistance, and (iii)  

renal injury/inflammation. In the liver, HFCS-55 enhanced the expression of fructokinase resulting 

in hyperuricemia and caused abnormalities in known insulin-driven signaling events. In the kidney, 

HFCS-55 enhanced the expression of the NLRP3 (nucleotide-binding domain and leucine-rich-

repeat-protein 3) inflammasome complex, resulting in caspase-1 activation and interleukin-1β 

production. All of the above effects of HFCS-55 were attenuated by the specific PPAR-δ agonist 

GW0742. Thus, we demonstrate for the first time that the specific PPAR-δ agonist GW0742 

attenuates the metabolic abnormalities and the renal dysfunction/inflammation caused by chronic 

HFCS-55 exposure by preventing upregulation of fructokinase (liver) and activation of the NLRP3 

inflammasome (kidney). 

 

Keywords: high-fructose corn syrup; PPAR-δ; GW0742; insulin resistance; inflammation 
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1. Introduction 

Type 2 diabetes and obesity, recently referred to as “diabesity,” represent two closely linked 

healthcare challenges of modern societies that continue to rise in prevalence, with devastating 

health and economic implications [1]. The drastic increase in the incidence of “diabesity” over the 

past few decades in the Western countries coincided with a substantial increase in the consumption 

of different dietary components. Along with an increase in total energy consumption, during recent 

decades, there has been a shift in the types of nutrients that are ingested, including the dramatic 

increased consumption of fructose, primarily from high-fructose corn syrup (HFCS-55), used as 

ingredients in processed or prepared foods and caloric beverages [2]. Saccharose contains 

equimolar quantities of fructose and glucose whereas HFCS-55 syrup, synthesized by refining corn 

starch, contains 55% fructose and 42% glucose. Because of the higher fructose concentration, the 

consumption food and soft drinks sweetened with HFCS-55 results in higher fructose than sucrose 

levels in the systemic circulation. HFCS-55 was developed in 1977 and to date accounts for over 

40% of all added caloric sweeteners [3]. Excessive intake of fructose has been linked 

epidemiologically with increased prevalence of abdominal obesity, insulin resistance, dyslipidemia 

and, more recently, hyperuricemia and chronic renal disease [4]. The cause-effect relationship 

between increase in fructose intake and metabolic abnormalities is difficult to prove in human 

studies. Thus, the animal model described in this article was developed to investigate the metabolic 

effects of chronic HFCS-55 consumption and to investigate the molecular mechanisms which 

underlie the observed pathophysiological alterations. Several studies suggest that chronic 

inflammation is one of the most important key feature of the pathophysiology of diabetes and the 

metabolic syndrome [5]. Many inflammatory mediators, such as cytokines and cytokine-like 

proteins known as “adipokines” and “myokines”, have been linked to the development of both 

obesity and insulin resistance [6]. One of the most recently identified protein complexes implicated 

in obesity-associated insulin resistance and type 2 diabetes is the NLRP3 (nucleotide-binding 
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domain and leucine-rich repeat protein 3) inflammasome [7, 8]. The NLRP3 inflammasome is a 

large multimeric danger-sensing platform that promotes autocatalytic activation of the cysteine 

protease caspase-1 and mediates the cleavage of inactive pro-IL-1β, among other proteins, into its 

active form [9]. However, the nature of the inflammasome-activating danger signal(s) in diet-

induced obesity and insulin resistance are not known.  

Peroxisome-Proliferator Activated Receptors (PPARs) are ligand-activated transcription factors 

belonging to the nuclear receptor superfamily, that exert a critical role in regulating glucose and 

lipid metabolism. So far, three PPAR isoforms have been identified in mammals: PPAR-α (NR1C1) 

and PPAR-γ (NR1C3) are the targets for drugs used for the treatment of hypertriglyceridemia and 

insulin resistance, respectively, whereas the role of the third isoform, PPAR-β/δ (NR1C2, called 

PPAR-δ below), is less well understood [10]. Recent studies have demonstrated that PPAR-δ 

activation with specific ligands lowers triglyceride levels and improves the sensitivity to insulin 

[11]. In addition, specific ligands of PPAR-δ cause potent anti-inflammatory effects in animal 

models of systemic inflammation [12]. However, the potential beneficial effects of PPAR-δ 

agonism in metabolic disorders associated with high-added sugar intake and the related molecular 

mechanisms have never been investigated. Hence, the present study was undertaken to determine 

whether chronic administration of the selective PPAR-δ agonist GW0742 in mice fed a HFCS-55 

diet for 30 weeks may ameliorate sugar-induced diabesity and its renal consequences. 
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2. Materials and methods  

2.1 Animals and diets. 

Four-week-old male C57BL6/J mice (Harlan-Italy; Udine, Italy) were housed in a controlled 

environment at 25±2 °C with alternating 12-h light and dark cycles. They were provided with a 

Piccioni pellet diet (n.48, Gessate Milanese, Italy) and water ad libitum. All the animals were fed 

with a normal pellet diet for 1 week prior to the experimentation. The animals were then allocated 

to two dietary regimens, chow diet and normal drinking water (control) or a chow diet and 15% 

(wt/vol) HFCS-55 solution in drinking water (HFCS) for 30 weeks. All diets contained a standard 

mineral and vitamin mixture. The concentration of HFCS-55 solution as well as the period of 

dietary manipulation were chosen according to previous animal studies investigating the metabolic 

effects of long-term (6–7 months) access to HFCS-55 [13, 14]. Body weight, water, and food intake 

were recorded weekly. Animal care was in compliance with Italian regulations on the protection of 

animals used for experimental and other scientific purposes (D.M. 116/92) and the experimental 

protocol used here has been approved by the Turin University Ethics Committee. 

 

2.2 Drug administration.  

After the initial period of 14 weeks of dietary manipulation, each diet group was further subdivided 

into four different treatment groups: chow diet and normal drinking water (control, n=10), chow 

diet supplemented with GW0742 (1 mg/kg/day) and normal drinking water (control+GW, n=6), 

chow diet and 15% (wt/vol) HFCS-55 solution in drinking water (HFCS, n=10), and chow diet 

supplemented GW0742 (1 mg/kg/day) and 15% (wt/vol) HFCS-55 solution in drinking water 

(HFCS+GW, n=10). The drug was daily administered with the food for the last 16 weeks and the 

mice were allowed to continue to feed on their respective diets until the end of the study. As shown 
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in Figure 1, GW0742 is a highly potent and selective PPAR-δ agonist (murine EC50: 28 nM for 

PPAR-δ; 8,900 nM for PPAR-α and > 10,000 nM for PPAR-γ) [15]. The GW0742 dose was chosen 

according to a previous study demonstrating that 1 mg/kg GW0742 was effective in reducing 

inflammation and tissue injury in mice fed a high-fat diet, reaching plasma concentrations adequate 

to selectively activate PPAR-δ without any cross-reactivity with other PPAR isoforms [16]. 

 

2.3 Oral glucose tolerance test (OGTT). 

One day before the mice were due to be killed, the OGTT was performed after a fasting period of 6 

h by administering glucose (2 g/kg) by oral gavage. Once before administration, and 30, 60, 90, 120 

and 150 min afterward, blood was obtained from the saphenous vein, and glucose concentration was 

measured with a conventional Glucometer (Accu-Check Compact kit, Roche Diagnostics Gmbh, 

Mannheim, Germany).  

 

2.4 Blood pressure measurements. 

Systolic blood pressure was assessed after 30 weeks of dietary manipulation as the mean value of 

ten consecutive measurements obtained in the morning using a tail-cuff sphygmomanometer (IITC; 

Life Sciences, Woodland Hills, CA). All animals were preconditioned 1 week before each 

experiments. 

 

2.5 Blood and urine biochemical analysis.  
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At weeks 16 after the start of the drug treatment (30 weeks of dietary manipulation), the mice were 

anesthetized with i.p. injection (30 mg/kg) of Zoletil 100 (Laboratoires Virbac, France), and killed 

by cardiac exsanguination. Blood samples were collected and plasma was isolated. Glycemia was 

measured using the Accu-Check Compact kit. The liver and the kidney were isolated, weighed and 

rapidly freeze-clamped with liquid nitrogen and stored at -80°C. The plasma lipid profile was 

determined by measuring the content of triglyceride (TG), total cholesterol (TC), high-density-

lipoprotein (HDL), and low density-lipoprotein (LDL) by standard enzymatic procedures using 

reagent kits (Hospitex Diagnostics, Florence, Italy). Plasma uric acid was measured by the uricase 

method (Uric Acid Assay kit Abnova, USA) Plasma insulin and IL-1β levels were measured using 

enzyme-linked immunosorbent assay (ELISA) kits (Mouse Insulin ELISA, Sylveniusgaten, 

Sweden). Excretion of urinary albumin was determined using the albumin-to-creatinine ratio (ACR) 

in 18 hr urine collections. The concentration of creatinine in urine was determined using a 

creatinine urinary detection kit (Arbor Assays, USA) and that of albumin using a mouse albumin 

ELISA kit (Bethyl Laboratories Inc.,USA). 

 

2.6 Tissue extracts.  

Liver and kidney extracts were prepared as previously described [17, 18]. Briefly, mice liver and 

kidney were homogenized at 10% (w/v) in a Potter Elvehjem homogenizer (Wheaton, NJ, USA) 

using a homogenization buffer containing 20 mM HEPES, pH 7.9, 1 mM MgCl2, 0.5 mM EDTA, 1 

mM EGTA, 1 mM dithiothreitol (DTT), 0.5 mM Phenylmethyl Sulphonyl Fluoride (PMSF), 5 

µg/ml aprotinin, and 2.5 µg/ml leupeptin. Homogenates were centrifuged at 4000 RPM at 4°C for 5 

min. Supernatants were removed and centrifuged at 14000 RPM at 4˚C for 40 minutes. The 

supernatants thus obtained, containing cytosolic proteins were carefully remowed. The amount of 
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protein contained in cytosolic fractions was determined using a BCA protein assay following the 

manufacturers’ instructions. Samples were stored at -80°C until use. 

 

2.7 Liver lipid contents. 

Liver was homogenized in 5% Triton X-100. Homogenates were twice heated to 90°C in a water 

bath for 3 minutes and cool down. Insoluble materials were removed by centrifugation and hepatic 

TG, TC, LDL and HDL were detected using reagent kits (Hospitex Diagnostics, Florence, Italy). 

 

2.8 Western blot analysis.  

About 60 µg total proteins were loaded for Western blot experiments. Proteins were separated by 

8% sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to a 

polyvinyldenedifluoride (PVDF) membrane, which was then incubated with a primary antibody 

(rabbit anti- PPAR-δ,1:500; rabbit anti-total GSK-3β, 1:200; goat anti-pGSK-3β Ser9, 1:200; rabbit 

anti-total Akt, 1:1000; mouse anti-pAkt Ser473, 1:1000; goat anti-ICAM-1, 1:500; rabbit anti-total 

IRS-2, 1:200; goat anti-pIRS-1/2 Ser270, 1:200; goat anti-ketohexokinase, 1:200; rabbit anti- IL-1β 

[against both IL-1β precursor and mature IL-1β], 1:200; and rabbit anti-caspasi-1 p10 [against both 

caspase-1 p10 precursor and cleaved caspase-1 p10], 1:200). Blots were then incubated with a 

secondary antibody conjugated with horseradish peroxidase (1:10000) and developed using the 

ECL detection system. The immunoreactive bands were visualised by autoradiography and the 

density of the bands was evaluated densitometrically using Gel ProAnalyzer 4.5, 2000 software 

(Media Cybernetics, Silver Spring, MD, USA). The membranes were stripped and incubated with 

β-actin monoclonal antibody (1:1000) and subsequently with an anti-rabbit antibody (1:10000) to 

assess gel-loading homogeneity.  
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2.9 Myeloperoxidase (MPO) activity. 

Samples were homogenized in a solution containing 0.5% (w/v) hexadecyltrimethyl-ammonium 

bromide dissolved in 50 mmol/L potassium phosphate buffer (pH 6) and centrifuged for 30 min at 

13,000g at 4°C. An aliquot of the supernatant was then allowed to react with a solution of 0.167 

mg/ml O-dianisidine dihydrochloride and 0.0005% H2O2. The rate of change in absorbance was 

measured spectrophotometrically at 460 nm. MPO activity was defined as the quantity of enzyme 

degrading 1 µmol of peroxide per min at 37°C and was expressed in milliunits per gram of wet 

tissue.  

 

2.10 Materials.  

Unless otherwise stated, all compounds were purchased from the Sigma-Aldrich Company Ltd. (St. 

Louis, Missouri, USA). HFCS-55 was from Nature's Flavors (Orange, CA, USA). The BCA Protein 

Assay kit and SuperBlock blocking buffer were from Pierce Biotechnology Inc. (Rockford, IL, 

USA) and PVDF was from the Millipore Corporation (Bedford, MA, USA). Antibodies were from 

Cell-Signaling Technology (Beverly, MA, USA). The anti-mouse, anti-rabbit and anti-goat 

horseradish peroxidase-linked antibodies were from Santa Cruz Biotechnology (Santa Cruz, CA, 

USA) and Luminol ECL were from PerkinElmer (Waltham, MA, USA).  

 

2.11 Statistical analysis.  

All values in both the text and figures are expressed as mean ± S.D. for n observations. One-way 

analysis of variance with Dunnett's post-hoc test was performed using the GraphPad Prism version 
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4.02 for Windows (GraphPad Software, San Diego, CA, USA) and p values below 0.05 were 

considered as significant. 
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3. Results 

 

3.1 Characteristics of the experimental groups. 

As shown in Table 1, mean arterial blood pressure and heart rate were not modified by either 

dietary manipulation or by drug treatment. In contrast, the body weight gain of the HFCS-55 group 

significantly increased (>30%) compared to that of the control group after 7 months of feeding, and 

daily administration of GW0742 induced a slight, but not significant reduction. Mice fed with the 

experimental diet had a greater liver and adipose tissue (epididymal fat) weight than control diet-fed 

animals and GW0742 treatment significantly (p<0.05) reduced liver and adipose tissue weight. 

There was a three-fold increase in the triglyceride content in the liver of HFCS-55 mice in 

comparison with control mice and hepatic triglyceride accumulation was reduced by GW0742 

administration. Similarly, GW0742 significantly blunted the diet-induced increase in hepatic levels 

of cholesterol and increased the hepatic HDL content (Table 1). Similar results on lipid profiles 

were also obtained when triglycerides, total cholesterol, LDL and HDL were measured in mice 

serum (Table 2). When compared to control, chronic exposure to HFCS-55 resulted in 30% and 

80% increase in fasting serum glucose and insulin levels, respectively, and these changes were 

suppressed by GW0742 (Table 2). When compared to control, HFCS-55 mice also showed a 

significant impairment in glucose (Figure 2). Most notably, GW0742 significantly (p < 0.01) 

improved glucose tolerance in HFCS-55 fed mice.  

It should be noted that in normal mice GW0742 had no significant effect on any of the above 

described metabolic parameters. 

 

3.2 GW0742 restored the impaired insulin signaling pathway in the liver of HFCS-55 treated 

mice. 
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The deleterious effects of HFCS-55 consumption on glucose tolerance were associated with 

alterations in the insulin-signaling pathways in the liver (Figure 3). The HFCS-55 diet did not alter 

the protein expression of the IRS-2, Akt or GSK-3β compared to the control group. However, 

HFCS-55 caused a significant increase in Ser270 phosphorylation of IRS-2 in parallel with high 

insulin levels and reduced Ser473 phosphorylation of Akt (Figure 3A and 3B). Ser9 phosphorylation 

of GSK-3β, a downstream target of Akt, was also reduced in the presence of HFCS-55 (Figure 3C), 

suggestive of impaired insulin signaling downstream of IRS-2 possibly due to high TG levels both 

in liver and plasma. Most notably, GW0742 attenuated all of the above effects of HFCS-55 so that 

the degree of phosphorylation of IRS-2, Akt and GSK-3β observed in HFCS-55 mice treated with 

GW0742 was not significantly different from those observed in control.  

 

3.3 Effects of GW0742 on hepatic expression of PPAR-δ and fructokinase and serum uric acid 

levels.  

HFCS-55 significantly induced the hepatic expression of PPAR-δ protein, but oral administration of 

GW0742 for 16 weeks resulted in a further, marked increase in the expression of the protein of this 

nuclear receptor (Figure 4A). In contrast, the hepatic expression of fructokinase (ketohexokinase), 

the  enzyme that catalyzes the phosphorylation of fructose to produce fructose-1-phosphate, was 

almost doubled in the HFCS-55 group in comparison with control animals. Interestingly this effect 

was not seen in HFCS-55 animals treated with GW0742 which suggest that PPAR-δ  agonist 

attenuates HFCS-55 induced fructokinase upregulation. (Figure 4B). A unique characteristic of 

fructose metabolism by fructokinase is the ability to raise uric acid levels [19]. Here we confirm 

that fructokinase activation induced by daily consumption of HFCS-55 is associated with a marked 

increase in serum uric acid concentrations (when compared with control animals; Figure 4C). 
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Interestingly, administration of GW0742 significantly attenuated the development of hyperuricemia 

caused by HFCS-55. 

 

3.4 GW0742 reduces the albuminuria evoked by chronic exposure to HFCS-55. 

Compared with mice on control diet, mice on a HFCS-55 diet showed significantly increased ACR 

ratio, which is an indicator of albuminuria and, hence, glomerular injury or inflammation induced 

tubular proteinuria [20]. In contrast, GW0742 attenuated the increased in urinary albumin caused by 

HFCS-55 (Figure 5). 

 

3.5 Pharmacological PPAR-δ activation reduced neutrophil infiltration in the kidney evoked by 

chronic consumption of HFCS-55. 

As hyperuricemia and albuminuria are well known markers of renal injury, we investigated whether 

the beneficial effects of GW0742 were associated with an attenuation of renal inflammation. MPO 

activity, a marker of neutrophil infiltration, was significantly elevated in the kidneys of mice 

chronically exposed to HFCS-55 enriched diet (94.11±13.32 μU/g) in comparison with control 

animals (38.17±7.10 μU/g) (Figure 6A). In GW0742-treated animals subjected to HFCS-55 diet, the 

MPO activity was significantly reduced (58.33±8.11 μU/g). When compared to control animals, the 

HFCS-55 diet resulted a significant increase in the expression of ICAM-1 (intercellular adhesion 

molecule- 1). A similar increase in ICAM-1 expression was not seen in HFCS-55 mice treated with 

GW0742 (Figure 6B). Similarly, HFCS-55 diet resulted a significant increase in the expression of 

iNOS, which has been reported to contribute to the neutrophil accumulation in diabetic kidney, 

while no significant increase in iNOS expression was observed in HFCS-55 mice treated with 

GW0742 (Figure 6C). 
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3.6 PPAR-δ agonism prevented NLRP3 inflammasome activation evoked by chronic 

consumption of HFCS-55 in the kidney. 

To explore one of the potential molecular mechanisms underlying the observed anti-inflammatory 

effects of the PPAR-δ ligand, we measured the expression of the NLRP3 inflammasome protein 

complex in the kidney (Figure 7). The NLRP3 inflammasome serves as a platform for the activation 

of caspase-1, which involves autocatalytic processing of the pro-caspase-1 to generate an active 

form leading to pro–IL-1β cleavage to produce mature IL-1β. In the kidney, PPAR-δ expression 

was not significantly affected by dietary manipulation, while NLRP3 expression was markedly 

increased in HFCS-55 mice (compared to normal controls). The increase in PPAR-δ expression 

afforded by GW0742 in the kidney was associated with a significant reduction in NLRP3 protein 

levels. NLRP3 up-regulation in the kidneys of HFCS-55 mice was associated with caspase-1 

activation as detected by the appearance of the p20 subunit of caspase-1. The end product of 

NLRP3 inflammasome activation, the active form of the proinflammatory cytokine IL-1β was 

found in the kidneys of HFCS-55 mice, but not in the kidneys of control animals. Notably, the post-

translational processing of procaspase-1 and proIL-1β into the active form of caspase-1 and mature 

IL-1β was significantly reduced by in kidneys obtained from HFCS-55 mice treated with GW0742. 

Moreover, treatment of HFCS-55 mice with GW0742 almost completely prevented the rise in the 

serum concentrations of IL-1β caused by chronic HFCS-55 exposure (Figure 7B) 
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4. Discussion 

Over the past 10 years several observational studies have found positive associations between the 

consumption of sugar-sweetened beverages and weight gain and development of type 2 diabetes 

and chronic kidney disease [21-24]. As HFCS-55 represents more than 40% of all caloric 

sweeteners added to beverages and food, it is surprising that very few studies have investigated the 

mechanisms underlying the HFCS-55-induced metabolic abnormalities. To our knowledge this is 

the first study, which investigates a) the effects of chronic HFCS-55 exposure on metabolic and 

inflammatory signaling pathways and b) its potential pharmacological modulation. To address these 

issues we examined the effects of chronic administration of the selective PPAR-δ agonist, GW0742, 

in animals exposed for 30 weeks to a HFCS-55-enriched diet. HFCS-55 was added to the drinking 

water at a concentration that covers 10% of the daily calorie intake, which corresponds to the 

average energy intake in the form of ingested sweeteners in the Western diet. Our data clearly 

demonstrate that chronic HFCS-55 feeding caused a significant increase in body weight and, more 

importantly dyslipidemia, hyperinsulinemia and an increase in insulin resistance due to impaired 

insulin signalling.. For instance, HFCS-55 diet increased the phosphorylation of IRS-2, the main 

transducer of the insulin signal in the liver [25], as well as reduced phosphorylation of the 

downstream key insulin signaling kinases, Akt and GSK-3β (an Akt substrate) [26], thus evoking a 

significant impairment of insulin responsiveness. Most importantly, we report here for the first time 

that all of the metabolic abnormalities caused by HFCS-55 were attenuated in animals that had been 

treated with a specific PPAR-δ agonist. The changes induced by PPAR-δ agonism on insulin 

signaling may be secondary to its ability to improve serum and hepatic lipid profiles, as suggested 

by recent studies showing that increased liver fat content in type 2 diabetic patients significantly 

contributes to the development of both hepatic and peripheral insulin resistance [27, 28]. Although 

some studies have reported beneficial effects of PPAR-δ ligands on lipid and glucose metabolism in 
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mice consuming high fat diets [29-31], this is the first study that demonstrates that PPAR-δ 

activation is helpful in counteracting the deleterious effects evoked by chronic consumption of high 

sugar diet. To elucidate the potential mechanisms underlying the beneficial effects of GW0742 

reported here, we first focused on the liver, the primary site for fructose metabolism, by measuring 

the expression levels of its pharmacological target, PPAR-δ, and fructokinase, the main fructose-

metabolizing enzyme. We report here that PPAR-δ is expressed in the liver of both control and 

HFCS-55 fed mice and, more importantly, that its expression is substantially increased by chronic 

administration of GW0742. The agonist-induced receptor upregulation is a known physiological 

cellular response to PPAR activation, which has been previously described in other experimental 

models [32, 33]. In keeping with other studies [34, 35], we also report that HFCS-55 derived dietary 

fructose induced its own metabolism, by inducing the expression of liver fructokinase. Interestingly, 

in the presence of marked PPAR-δ activation, the hepatic protein levels of this enzyme were 

brought to values similar to those measured in control animals. As excessive fructose metabolism 

by fructokinase induces the production of a large amount of TG and free fatty acids [36], we 

speculate that the beneficial effects of GW0742 on lipid profiles are due to its ability to break this 

vicious circle by repressing the gene for fructokinase either by transcriptional transrepression or by 

interaction with other transcription factors involved in fructokinase gene transcription. Another 

unique characteristic of fructose metabolism by fructokinase is its ability to raise uric acid levels 

[37], as also confirmed in our study. The reduction in fructokinase expression in the presence of 

PPAR-δ activation may, thus, also account for the reduced hyperuricemia afforded by GW0742. 

Both experimental and clinical studies have previously demonstrated that an increased serum uric 

acid level can lead to kidney disease [38, 39]. Here we show a significant increase in albuminuria 

(measured as increase in the albumin/creatinine ratio) in animals chronically exposed to HFCS-55; 

an effect which was attenuated by GW0742. The NLRP3 inflammasome is one of the most recently 

identified protein complexes involved in the development of chronic kidney disease [40]. Rats fed 
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with fructose for 8 weeks showed a significant increase in renal protein levels of NLRP3 [41] and 

increased levels of uric acid have been shown to directly activate  the NLRP3 inflammasome [42]. 

Here, we demonstrate that the HFCS-55 diet evoked up-regulation of renal NLRP3 expression, 

resulting in activation of caspase-1 and the subsequent cleavage of pro-IL1β to (the biologically 

active secreted form) IL-1β. In mice with high fructose diet, the specific PPAR-δ ligand GW0742 

reduced NLRP3 expression and activity, resulting in reduced local and systemic levels of IL-1β. 

The release of cytokines, including IL-1β, from damaged cells or tissues is known to contribute to 

inflammatory processes by promoting neutrophil chemotaxis and activation [43]. Our results show 

that chronic HFCS-55 exposure evoked a marked increases in the kidney of (i) MPO activity (a well 

established marker of neutrophil infiltration), (ii) iNOS and (iii) ICAM-1, the endothelial ligand for 

the neutrophil receptor CD11b/CD18. There is good evidence that the enhanced expression of iNOS 

contributes to renal injury and neutrophil accumulation in the diabetic kidney [44]. In addition, the  

exposure of the vascular endothelium to elevated glucose concentrations induces ICAM-1 

expression, while the inhibition of this process ameliorates diabetic nephropathy [45, 46]. In our 

study, PPAR-δ activation by GW0742 resulted in a significant inhibition of neutrophil infiltration in 

the mouse kidney. We and others have previously documented similar beneficial effects of PPAR-δ 

agonists on leukocyte infiltration in different animal models of renal injury [18, 47]. Considering 

that clinical trials have shown that pharmacological blockade of IL-1β leads to a significant 

improvement of glycemia and beta-cell secretory function in type 2 patients [48-50], it is likely that 

the effects of chronic PPAR-δ agonism on insulin sensitivity and kidney injury in our experimental 

model are due, at least in part, to inhibition of the NLRP3 inflammasome in the kidney. To our 

knowledge, this is the first paper that demonstrates a correlation between PPAR-δ activation and 

inhibition of NLRP3 inflammasome activation, thus adding an original piece of evidence to the 

complex mechanisms by which PPAR-δ can regulate several biological functions. Although a 

recently published paper has revealed PPAR-γ binding sites in the promoter regions of a member of 
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the NLRP family of protein [51], to date, the consensus sequence of the PPAR-δ binding site has 

not yet been identified in the promoter region of the genes encoding elements of the NLRP3 

inflammasome complex. 

In summary, the chronic exposure to the most widely used added sugar HFCS-55 evokes metabolic 

abnormalities and renal dysfunction/inflammation, which are attenuated by activation of PPAR-δ. 

Our results clearly show that the observed beneficial effect of the PPAR-δ ligand GW0742 are 

associated with prevention of (i) the upregulation of fructokinase (liver) and (ii) activation of the 

NLRP3 inflammasome (kidney).  
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TABLE 1 

Effects of chronic in vivo treatment of GW0742 on metabolic parameters at 7 months of dietary manipulation 

 
Control 

(n = 10) 

Control+GW0742 

(n = 6) 

HFCS 

(n = 10) 

HFCS+GW0742 

(n = 10) 

Body weight, g  32.25±1.67 31.6±2.75 36.00±1.41* 35.00±2.83* 

Body weight gain, g  11.88±1.13 10.75±2.06 16.00±1.41* 13.88±2.90 

Caloric intake (kcal/die) 1.0±0.07 0.87±0.17 1.59±0.15* 1.52±0.18* 

Mean Arterial Blood Pressure (mm Hg) 112±5 111±4 101±7 106±5 

Heart Rate (beats/minute) 539±38 574±44 571±44 557±33 

Epididymal fat weight, (%BW) 3.66±0.29 3.47±0.22 4.22±0.35* 3.86±0.33§ 

Kidney weight, (%BW) 1.17±0.11 1.20±0.12 1.13±0.32 0.99±0.12 

Liver weight, (%BW) 4.49±0.50 4.67±0.74 5.13±0.36* 4.55±0.19§ 

Liver triglycerides, µmol/g 2.69±0.32 3.04±0.42 7.90±0.33* 4.03±0.53*§ 

Liver cholesterol, µmol/g 474.3±38.9 519.8±39.9 691.8±44.8* 623±53.7*§ 

Liver HDL, µmol/g 318.8±43.1 293.6±45.4 345.8±48.2 429.9±48.9*§ 

Liver LDL, µmol/g 59.1±8.8 76.4±14.2 105.9±16.2* 109.2±13.6* 

 

Data are means±S.D.   * p<  0.01 vs Control  § p<  0.05 vs HFCS 
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TABLE 2 

Effects of chronic in vivo treatment of GW0742 on mouse blood chemistry at 7 months of dietary 

manipulation 

 
Control 

(n = 10) 

Control+GW0742 

(n = 6) 

HFCS 

(n = 10) 

HFCS+GW0742 

(n = 10) 

Glucose, mg/dL 78.67±13.54 76.50±15.45 103.40±11.98* 81.28±10.83§ 

Insulin, µg/L 1.27±0.07 1.30±0.19 2.26±0.51* 1.51±0.46§ 

Total cholesterol, mmol/L 2.20±0.08 2.23±0.12 2.46±0.13* 2.15±0.16§ 

Triglyceride, mmol/L 1.10±0.12 1.07±0.23 1.37±0.11* 0.93±0.21§ 

HDL, mmol/L 1.28±0.29 1.47±0.35 0.81±0.26* 1.26±0.37§ 

LDL, mmol/L 0.78±0.17 0.74±0.13 0.99±0.10* 0.73±0.15§ 

 

Data are means±S.D.   * p<  0.01 vs Control   § p<  0.01 vs HFCS 
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FIGURE LEGENDS 

Figure 1. GW0742 chemical structure and affinity for mouse PPARs isoforms, according to Sznaidman et al. 

(2003) 

 

Figure 2. Effects of two dietary regimens either normal (Control) or a diet enriched with 15% HFCS-55 

solution (HFCS) on oral glucose tolerance in rats treated with GW0742 (1 mg/kg/day, p.o.) (Control+GW; 

HFCS+GW). Values are mean  ±  SD of 6–10 animals per group.    P < 0.05 versus Control. 

 

Figure 3. Effects of GW0742 on insulin signal transduction in the liver of mice fed on a HFCS-55 enriched 

diet. Total IRS-2 protein expression and Ser270 phosphorylation (Panel A), total Akt protein expression and 

Ser473 phosphorylation (Panel B), and total GSK-3β protein expression and Ser9 phosphorylation (Panel C) 

were analyzed by Western blot on the liver obtained from mice fed on a standard (Control) or HFCS-55 diet 

(HFCS) for 30 weeks and treated with GW0742 (1 mg/kg/day) added during the last 16 weeks (Control + 

GW; HFCS + GW). Densitometric analysis of the bands is expressed as relative optical density (O.D.), 

corrected for the corresponding β-actin contents and normalized using the related  Control band. The data are 

means ± SD of three separate experiments.  p < 0.01 versus Control. 

 

Figure 4. Effects of dietary manipulation and GW0742 treatment on hepatic PPAR-δ (Panel A) and 

fructokinase (Panel B) expression and hyperuricemia development (Panel C). Protein expression was 

measured by Western blot analysis in liver homogenates of mice fed with a standard (Control) or HFCS-55 

diet (HFCS) in the absence or presence of GW0742 treatment (Control+GW; HFCS+GW). Densitometric 

analysis of the bands is expressed as relative optical density (O.D.), corrected for the corresponding β-actin 

and normalized using the related Control band. Serum levels of uric acid were measured in mice fed either 

the control diet or a HFCS-55 enriched diet for 30 weeks in the absence or presence of GW0742 (1 

mg/kg/day). Data are means  ±  SD of three separate experiments for Western blot analysis and means ± SD 

of six animals/group for serum uric acid measurement.  P < 0.01 versus Control. 



27 

 

 

Figure 5. Development of albuminuria in animal chronically treated with HFCS-55 and its reversal by 

GW0742 administration. Urinary albumin:creatinine ratio (ACR) was measured in mice fed either the 

control diet or a HFCS-55 enriched diet for 30 weeks in the absence or presence of GW0742 (1 mg/kg/day). 

Urine were collected and ACR was measured16 weeks after starting the drug treatment. Data are means ± 

SD of six animals/group.  p < 0.01 versus Control. 

 

Figure 6. GW0742 prevents HFCS-55-induced levels of neutrophil infiltration markers in the mouse 

kidney. Myeloperoxidase (MPO) activity (Panel A) was measured by spectrophotometric analysis and 

ICAM-1 (Panel B) and iNOS (Panel C) protein expression was detected by Western blot analysis in mice fed 

on a standard (Control) or HFCS-55 diet in the absence or presence of GW0742 (1 mg/kg/day). 

Densitometric analysis of the bands is expressed as relative optical density (O.D.), corrected for the 

corresponding β-actin contents, and normalized using the related Control band. Data are means ± SD of three 

separate experiments for Western Blot and five animals/group for MPO.  p < 0.05 versus Control. 

 

Figure 7. PPAR-δ upregulation induced by chronic GW0742 administration affects inhibits caspase-1 and 

IL-1β processing, which is dependent on NLRP3, in the mouse kidney. Alterations in renal expression of 

PPAR-δ, NLRP3, procaspase-1, activated caspase-1, pro-IL-1β and cleaved IL-1β were measured by 

Western blot analysis (Panel A) in liver homogenates of mice fed on a standard (Control) or HFCS-55 diet in 

the absence or presence of GW0742 (1 mg/kg/day). Serum levels of IL-1β were analyzed by enzyme-linked 

immunosorbent assay (ELISA) (Panel B). Densitometric analysis of the bands is expressed as relative optical 

density (O.D.), corrected for the corresponding β-actin contents, and normalized using the related Control 

band.  Data are means ± S.D. of three separate experiments for Western Blot and five animals/group for 

ELISA.  p < 0.01 versus Control. 
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